Abstract -In this paper, we report on our pilot evaluation of a prototype foot/ankle prosthesis. This prototype has been designed and fabricated with the intention of providing decreased ankle joint stiffness during the middle portion of the stance phase of gait, and increased (i.e., more normal) knee range of motion during stance. Our evaluation involved fitting the existing prototype foot/ankle prosthesis, as well as a traditional Solid Ankle Cushioned Heel (SACH) foot, to a reasonably healthy volunteer below-knee (BK) amputee, and then measuring the individual's lower extremity joint kinematics and kinetics.
I. INTRODUCTION
Over the last several years the prosthetics industry has developed many new foot/ankle prostheses. A majority of these prosthetic components have been designed with the intention of increasing the quantity of energy returned during the latter portion of stance phase.
Despite this proliferation of new feet, substantial enhancement of walking function has not been demonstrated [1,2].
One aspect of foot/ankle prosthesis function that has not yet been fully considered is the relationship between sagttal plane ankle joint moment and ankle joint rotation during middle to late stance phase. In the anatomical ankle joint, it is observed that the rise of internal plantar flexion moment is more moderate during middle stance than during late stance. The presence of more rapid rise of ankle moment during later stance is consistent with the onset of plantar flexor muscle activity during later stance. Dorsiflexion motion during middle stance is controlled by passive stretching of musculotendinous, ligamentous and capsular restraints, while dorsiflexion motion during later stance is opposed by active muscular activity.
Thus, the effective stiffness (defined here as the local area slope of the joint moment versus joint rotation curve) of the anatomic ankle joint is less during middle stance phase, than it is for later stance.
In contrast to the anatomic ankle, plantar flexion moment in current foot/ankle prostheses rises from middle to late stance at a more constant and initially elevated rate. This pattern is related to the lack of active plantar flexor activity to distinguish middle from later stance. Since prosthetic ankles generally can not generate energy during latter stance, the energy available for return at late stance is limited to the energy stored from the instant in midstance when the ankle passes through its unloaded neutral position until the instant in latter stance when the ankle reaches maximum dorsiflexion. Additionally, prosthetic ankles typically have an effectively fixed point of rotation. Consequently, the deforming materials of most socalled "energy return" feet must have high stiffnesses in order to store sufficient energy for later return. Resulting increased ankle joint moments following midstance are believed to lead to increased distal and proximal end loading and deformation imposed upon the residual limb.
The prototype foot/ankle prosthesis, that has been evaluated here and which has been dubbed the Rolling Joint Foot, has been developed with the intention of providing a more anatomic d e moment/rotation relationship, with decreased sagittal plane, ankle joint stiffness during stance. This desired relationship has been sought by incorporating an ankle joint which moves during stance phase such the effective moment arm of the deforming element is smaller during midstance and increases during latter stance. This feature was anticipated to result in smaller and more gradually increasing ankle joint moments around 0-7803-313 1-1/96$05.000 1996IEEE midstance and more rapidly increasing ankle moments during latter stance.
METHODOLOGY
The existing prototype of the Rolling Joint Foot prosthesis was fitted to a socket and endoskeletal shank pylon of a BK amputee who volunteered to participate in this pilot evaluation. Our volunteer was a relatively healthy, male with a left side BK amputation.
Kinematic and kinetic data were collected using a six-camera VICON Motion Analysis System and an AMTI force platform. The subject was instructed to walk across the laboratory walkway at a self-selected, comfortable walking speed. The subject was also instructed not to "target" the force platform that was along the walkway, but rather to direct his attention strait ahead. Clean footfalls on the force platform were obtained by adjusting the volunteers starting position such that he would strike the platform in his natural stride. The VICON Motion Analysis system collected video samples at 50 Hz., while the force platform sampled ground reaction data synchronously at lo00 Hz.
We collected the first walking trials with the subject wearing the prototype foot/ankle prosthesis. Subsequent data trials were collected with the subject wearing a traditional SACH foot, and the same shoe that was used with the prototype. Reflective markers were placed on the subject at the second metatarsal head areas, lateral ankles, heels, lateral knees, anterior superior iliac spines, and on the ends of wands directed laterally at the lower and upper legs, and directed posteriorly at the sacrum.
Raw video data were processed initially with the AMASS software package to determine the marker coordinates relative to the laboratory coordinate system, during representative walking trials selected for each foot/ankle prosthesis. The AMASS output files were further processed using the VCM software package to compute the lower extremity joint motions, moments, and powers. This software package computed three dimensional joint rotations based upon a multi-link segment model with imbedded joint coordinate system axes, as well as three dimensional joint moments and powers based upon inverse dynamic techniques.
Lastly, ankle joint moment and motion data from VCM were used with in-house developed routines to obtain plots of dynamic ankle joint stiffness patterns.
Dynamic d e joint stiffness was computed at each 2 percent of walking cycle as the regression slope of joint moment versus joint rotation, across a k4 percent window.
RESULTS
The sagittal plane ankle joint moment pattern of the prototype foot/ankle prosthesis, during stance, had a more gradual rise during middle stance than did the ankle joint moment pattern of the SACH foot (Fig. 1) . The overall maximum ankle joint moment was also lower for the prototype foot/ankle prosthesis than for the SACH foot (0.71 N-m/kg for the Rolling Joint Foot versus 1.09 N-m/kg for the SACH foot). Reduced ankle joint stiffness during stance with the Rolling Joint Foot is more apparent upon direct viewing of the stance phase joint stiffness patterns (Fig. 2) , where the prototype's stiffness is less than half that of the SACH foot for most of stance phase.
Sagittal knee joint rotations suggest that there may be a tendency toward increased knee flexion wave and alleviation of hyperextension in this individual when using the prototype (Fig. 3) . The differences between the sagittal knee motions with the Rolling Joint Foot and the SACH foot, however, may be within measurement variation.
Although not a specific objective of the prototype, the prototype foot/ankle prosthesis also demonstrated greater energy storage (i.e. area between the x-axis and the midstance, negative portion of the ankle flexion/extension power curve) and energy return (i.e. area between the x-axis and the late stance, positive portion of the ankle flexion/extension power curve) than did the SACH foot (Fig. 4) , despite displaying lower moments. 
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The data obtained in this pilot investigation, although rather preliminary, suggest that the prototype Rolling Joint Foot prosthesis may effectively meet its objective of reducing ankle joint stiffness during the stance phase of walking. Such reduction of ankle stiffness could reduce the non-axial loads transmitted to the residual limb, and result in enhanced comfort for the amputee. While knee motion data indicate that more normal range of knee motion may be possible with the prototype foot/ankle prosthesis, the variation of this measurement, particularly with regard to static offset, render such a conclusion unwarranted at this time.
It was interesting to note that, although increased energy return was not a particular objective during the prototype's design, the prototype demonstrated greater return of energy at late stance than did the SACH foot. While the SACH also makes no attempt to be an high energy return foot, it can still serve, by virtue of being so commonly prescribed, as useful point of comparison.
